ABSTRACT Workers' boots are considered one of the re-contamination routes of Salmonella for rendered meals in the rendering-processing environment. This study was conducted to evaluate the efficacy of a bacteriophage cocktail for reducing Salmonella on workers' boots and ultimately for preventing Salmonella re-contamination of rendered meals. Under laboratory conditions, biofilms of Salmonella Typhimurium avirulent strain 8243 formed on rubber templates or boots were treated with a bacteriophage cocktail of 6 strains (ca. 9 log PFU/mL) for 6 h at room temperature. Bacteriophage treatments combined with sodium hypochlorite (400 ppm) or 30-second brush scrubbing also were investigated for a synergistic effect on reducing Salmonella biofilms. Sodium magnesium (SM) buffer and sodium hypochlorite (400 ppm) were used as controls. To reduce indigenous Salmonella on workers' boots, a field study was conducted to apply a bacteriophage cocktail and other combined treatments 3 times within one wk in a rendering-processing environment. Prior to and after bacteriophage treatments, Salmonella populations on the soles of rubber boots were swabbed and enumerated on XLT-4, Miller-Mallinson or CHROMagar TM plates. Under laboratory conditions, Salmonella biofilms formed on rubber templates and boots were reduced by 95.1 to 99.999% and 91.5 to 99.2%, respectively. In a rendering-processing environment (ave. temperature: 19.3
INTRODUCTION
Boots are good carriers of microorganisms due to their rough surfaces and the soles in constant contact with microflora on the ground (Curry et al., 2002) . In rendering plants, the workers' boots are considered one of the primary routes of Salmonella recontamination of rendered animal meals, since workers may need to move around among different locations in the plant, such as the raw material receiving area and finished meal loading-out area, and potentially transport Salmonella from the highly contaminated raw materials to finished animal meals. Therefore, boot baths are placed in a rendering-processing environment, particularly in the grinding room and finished loading-out area in order to prevent the recontamination of the finished animal meals during the post-heating process. Boot disinfection with chemical disinfectants is commonly employed in food and feed processing plants for reducing microbial contamination. Therefore, efficacy of various disinfection methods for workers' boots has been investigated (Amass et al., 2000; Amass et al., 2001; Curry et al., 2005; Stockton and Moffitt, 2013) . Although the antimicrobial mechanisms and costs of commercial disinfectants are different, there was no significant difference on disinfection efficacy among them such as Clorox R and 1 Stroke Environ R (Amass et al., 2000) . The way of applying disinfectants has been found important for reducing bacterial contamination on boots. Spraying disinfectant has been proven to have little disinfection effect, but a soaking for 15 to 20 min in a boot bath containing a disinfectant solution is necessary for heavily contaminated workers' boots (Stockton and Moffitt, 2013) . Scrubbing the boots followed by applying a boot bath disinfection was more effective than only dipping in the boot bath, and cleanliness of the boot bath was also important to guarantee long-term disinfection efficacy (Amass et al., 2000;  3700 Amass et al., 2001; Curry et al., 2005) . For a lightly contaminated surface, scrubbing with a brush until there was no visible dirt and wiping with a peroxygen compound disinfectant was sufficient to reduce the bacterial contamination (reduction of 2.5 log CFU/cm 2 ) on the boots (Amass et al., 2005) . The advantages of these chemical disinfectants include ease of use, relatively low cost, broad antimicrobial spectrum, and high disinfecting efficiency. However, disadvantages such as rapid concentration dropping, unpleasant smell, and interference by organic materials may limit the capability of these disinfectants being applied in a rendering-processing environment for a long-term effect. Therefore, a novel approach for boot disinfection in rendering-processing plants needs to be explored.
Bacteriophages have drawn great attention for their high specificity and efficiency against pathogenic microorganisms on food contact surfaces. Several studies have demonstrated the successful application of bacteriophages for reducing the biofilm, attachment, or contamination of pathogenic bacteria such as Escherichia coli and Salmonella on the surfaces of different materials such as glass, plastic, and stainless steel (Sharma et al., 2005; Ahn et al., 2013; Chandra et al., 2015) . Therefore, the objective of our study was to investigate the efficacy of a bacteriophage cocktail on reducing Salmonella contamination on workers' boots in both laboratory and field settings.
MATERIALS AND METHODS

Bacterial Cultures and Bacteriophage Preparation
Salmonella Typhimurium avirulent strain 8243 (kindly provided by Dr. Roy Curtis III, Washington University, St. Louis, MO) was grown overnight in tryptic soy broth (TSB; Becton Dickinson, Sparks, MD) at 37
• C with shaking. Bacterial cells were collected by centrifugation at 5,000 × g for 10 min, washed in 0.85% (w/v) sterile saline, and adjusted to an optical density of 0.5 at a wavelength of 600 nm (ca. 10 9 CFU/mL). Salmonella-specific bacteriophages isolated from various sources were selected based on host ranges of bacteriophages against Salmonella isolates obtained from rendering plants (Gong and Jiang, 2017a) . Host range determination was performed using a soft agar overlay method (Gong and Jiang, 2015) . Briefly, 3 mL of 0.6% agar (Becton Dickinson, Sparks, MD) containing a Salmonella overnight culture at a concentration of ca. 10 7 CFU/mL was overlaid onto a tryptic soy agar (TSA; Becton Dickinson, Sparks, MD) plate. After the overlaid agar plate solidified, a 10-μL drop of bacteriophage suspension was spotted onto the surface. Due to the broad host ranges, 6 different bacteriophage strains -JC1, S5p2, 29, 52, 1 PB, and VCA1 -were selected for bacteriophage treatment of Salmonella in this study (Gong and Jiang, 2017b) . Bacteriophage stock solutions were prepared according to Heringa et al. (2010) . Prior to each experiment, bacteriophage stocks were incubated at 37
• C for 30 min to reduce clumping and then diluted to the desired concentrations using SM buffer [100 mM NaCl, 8 mM MgSO 4 r 7H 2 O, 50 mM Tris-HCl (pH 7.5)]. Bacteriophage titers were determined by the double agar layer plaque assay according to Heringa et al. (2010) . The bacteriophage cocktail consisted of equal amounts of the above 6 bacteriophages at a final titer of 1 × 10 9 PFU/mL for the following studies.
Formation of Salmonella Biofilm on Rubber Templates and Boot Soles
Prior to each experiment, rubber templates (5 × 5 cm, n = 12 for each trial) or boots (US men's size 9, 26 × 10 cm, n = 4 for each trial, lightly used condition, LaCrosse R , Portland, OR) were washed with disinfectant detergents Simply Right R (0.13% benzalkonium chloride, Toronto, ON, Canada) and Clorox R (6.0% sodium hypochlorite, Oakland, CA), rinsed with 100 mL sterile distilled water, and air-dried inside a biological safety hood. These templates or boots were then placed into a sterile stainless steel tray (25 × 30 cm, Bloomfield, St. Louis, MO), respectively, containing 500 mL tryptic soy broth (TSB) inoculated with Salmonella strain 8243 at a final concentration of ca. 7 log CFU/mL. After 48 h incubation at 30
• C for Salmonella to form biofilms, the surfaces of templates or boot soles were rinsed with 0.85% sterile saline to remove non-biofilm bacterial cells and sampled using cotton swabs (Puritan R Medical Products LLC., Guilford, ME) for determining initial Salmonella populations.
Phage Survival in Different Concentrations of Sodium Hypochlorite
To investigate the feasibility of a combined treatment of bacteriophage cocktail and sodium hypochlorite for reducing the Salmonella biofilms formed on the boots, survival times of bacteriophages in a freshly diluted sodium hypochlorite product, Clorox R , were measured. Briefly, a bacteriophage cocktail of 100 μL at a titer of ca. 10 9 PFU/mL was mixed with 900 μL sodium hypochlorite solution at concentrations of 200, 400, and 800 ppm, respectively. At pre-determined intervals, sodium thiosulfate (Na 2 S 2 O 3 , Fisher Scientific, Pittsburgh, PA) at a final concentration of 2% (w/v) was added as a neutralizer to stop the reaction, and then bacteriophage titers were determined using a soft agar overlay method.
Sodium hypochlorite concentrations were determined using an iodimetric titration method (Clarkson et al., 2001) . Briefly, a sodium hypochlorite sample of 10 mL was transferred into a volumetric flask (Pyrex R , Corning, NY) and mixed with 10 mL of 3% (w/v) sulfuric acid (H 2 SO 4 , Spectrum R , New Brunswick, NJ) and 20 mL of 100 g/L potassium iodine (KI, Fisher Scientific, Pittsburgh, PA). The flask was incubated in the dark at room temperature for 5 min, and then titrated with 0.1 M Na 2 S 2 O 3 with one mL soluble starch (one g/L, Difco R , Becton Dickinson, Sparks, MD) as an indicator for titration end point. The sodium hypochlorite concentration was calculated using the volume of Na 2 S 2 O 3 consumed. A standard curve of chlorine concentration (ppm) and sodium hypochlorite concentration (%) was generated with the regression coefficient R 2 = 0.9999 (data not shown).
Phage Treatment of Salmonella Biofilms Formed on Rubber Templates and Boot Soles Under Laboratory Condition
Bacteriophage treatments were applied by submerging the templates in petri dishes (Falcon R , Becton Dickinson, Sparks, MD) or soaking the boots in the above stainless steel trays, which contained a bacteriophage cocktail at a final titer of 1 × 10 9 PFU/mL. Combined treatments of the same bacteriophage cocktail with sodium hypochlorite (400 ppm) or a 30-second scrubbing with a brush (8 × 12 cm head with 55 cm handle, Blue Hawk, Gilbert, AZ) were also tested. SM buffer and sodium hypochlorite (400 ppm) alone were used as controls. After 6 h incubation at room temperature (ca. 22
• C), Na 2 S 2 O 3 was added as described above to neutralize remaining sodium hypochlorite in all Salmonella and bacteriophage samples. The treated Salmonella biofilms on the entire templates or 2 halves of each boot sole as duplicate samples were swabbed using Q-Swab R (Hygiena, Camarillo, CA), centrifuged at 5,000 × g for 10 min, followed by removing residual bacteriophages in the supernatants, and enumerated on xylose lysine tergitol-4 (XLT-4, Hardy Diagnostics, Santa Maria, CA) plates. The titers of residual bacteriophages in the supernatants were enumerated using a soft agar overlay method. Two trials of biofilm formation and bacteriophage treatments were conducted and duplicate samples were enumerated at zero and 6 h of each trial.
Phage Treatment of Salmonella
Contamination on the Soles of Workers' Boots in Rendering-processing Environment
Workers' boots (US men's size 9 to 11, medium to heavily contaminated condition, ACE Work Boots TM , Shoes for Crews Corp., West Palm Beach, FL) (one pair for each treatment and 3 pairs for each trial), each pair from a grinding room, processing room, and finished meal loading-out area, were selected. A half sole of each boot was sampled using Q-Swab R for enumerating initial Salmonella populations upon arrival at the rendering plant. Then, bacteriophage treatments were immediately applied by soaking one boot of each pair in aluminum foil trays (25 × 30 cm, Hefty R , Reynolds Consumer Products, Lake Forest, IL) containing 500 mL of bacteriophage cocktail (1 × 10 9 PFU/mL) alone, mixed with sodium hypochlorite (400 ppm) or combined with 30-second brush scrubbing (back and forth on the sole of boot 30 times). The other boot of each pair was soaked in 500 mL of SM buffer as a control. The same bacteriophage treatments were applied for 3 times of overnight soaking on the first, second, and fifth d within one wk, and Salmonella populations on the workers' boots were swabbed in 2 halves of each boot as duplicate samples at 6 h during the first treatment and after the third treatment on d 7. The reductions of Salmonella contamination on workers' boots were determined by subtracting the populations on the boots treated with bacteriophage or other treatments from the populations on the boots treated with SM buffer.
Two sampling trials were conducted in November 2015 and December 2015. Temperature and relative humidity data were recorded using a portable hygro-thermometer (VWR, Radnor, PA). The populations of total aerobic bacteria and Escherichia. coli were enumerated by directly plating on TSA plates and E. coli/coliforms Petrifilms TM (3 M Food Safety Division, Cartersville, GA), respectively. To compare the sensitivity and specificity of different Salmonella-selective media, XLT-4, Millar-Mallinson (M-M; Mallinson et al., 2000) and CHROMagar TM (Chromagar Inc., Paris, France) plates were employed for enumerating Salmonella populations on workers' boots, respectively. The presumptive Salmonella colonies grown on these selective agar plates were confirmed using a real-time PCR method (Malorny et al., 2003) .
Statistical Analysis
Bacterial count data were converted to log 10 CFU per mL, g, or cm 2 for statistical analysis. An analysis of variance (ANOVA) for a completely randomized design was conducted to determine if general differences existed among treatment means using the general linear model (GLM) procedure. Specific comparisons among different treatments were accomplished with Tukey's test. All statistical analyses were performed using JMP R 11.2.1 (SAS Institute, Cary, NC).
RESULTS AND DISCUSSION
Phage Survival in Different Concentrations of Sodium Hypochlorite
In the first 2-hour incubation, bacteriophages were rapidly inactivated to below detection limit of 2 log PFU/mL in the 800-ppm sodium hypochlorite solution, whereas the remaining titers of bacteriophages in the 200-and 400-ppm sodium hypochlorite solutions were 6.8 and 5.7 log PFU/mL, respectively. After 8 h bacteriophage treatment at final titer of 9 log PFU/mL; sodium hypochlorite alone: 400 ppm; phage + sodium hypochlorite: bacteriophage cocktail (9 log PFU/mL) mixed with sodium hypochlorite (400 ppm); phage + 30-second scrubbing: scrubbing with a brush for 30 s followed by bacteriophage treatment (9 log PFU/mL).
† Average count of 4 replicate samples from 2 trials ± standard deviation. Numbers with different letters in uppercase or lowercase are significantly different (P < 0.05) in each column for each material.
incubation at room temperature, the titers of bacteriophages decreased by 5.0, 5.5, and >6.7 log PFU/mL in the sodium hypochlorite solution at concentrations of 200, 400, and 800 ppm, respectively. Since there was a slight difference in Salmonella inactivation rates between 200 and 400 ppm of sodium hypochlorite treatment, the 400 ppm was selected for a combined treatment of a bacteriophage cocktail and sodium hypochlorite in the following tests.
Sodium hypochlorite, a commonly used disinfectant in the food and feed industries, has been proven to have a broad antimicrobial spectrum but is also widely used for eliminating bacteriophage contamination in dairy fermentation (Wirtanen and Salo, 2003; Møretrø et al., 2012; Campagna et al., 2014) . In this study, bacteriophages could survive in sodium hypochlorite at low concentrations, which allows the use of a combined treatment of bacteriophage and sodium hypochlorite for pathogen control (Campagna et al., 2014; Chandra et al., 2015) . For example, Campagna et al. (2014) investigated the inactivation effect of dairy bacteriophages by commercial sanitizers and disinfectants, including sodium hypochlorite, quaternary ammonium compounds, iodine, alcohol, anionic acids, and peroxide compounds. They found fewer reductions (<2 log PFU/mL) of dairy bacteriophages when treated with sodium hypochlorite at 500 ppm for 15 min as compared to other disinfectants (Campagna et al., 2014) . Clearly, it is feasible to apply a bacteriophage cocktail combined with a low level of sodium hypochlorite for reducing Salmonella biofilms.
Phage Treatment of Salmonella Biofilms Formed on the Rubber Templates and Boot Soles Under Laboratory Condition
Initial population of Salmonella biofilms on surfaces of rubber templates was ca. 6.91 log CFU/template (Table 1) . After 6 h incubation at room temperature, the population of Salmonella biofilms decreased by ca. 0.08 log CFU/template in control. The populations of Salmonella biofilms were reduced by 1.31 log (95.1%), 4.89 log (99.998%) and 5.34 log (99.9995%) CFU/template after treated with bacteriophage cocktail alone, 400-ppm sodium hypochlorite alone, and a mixture of bacteriophage cocktail and sodium hypochlorite for 6 h, respectively. The combined treatment of bacteriophage cocktail with 400-ppm sodium hypochlorite for 6 h resulted in a significantly higher reduction (P < 0.05) as compared to treatment of sodium hypochlorite alone for 6 h ( Table 1 ). The titers of residual bacteriophages in petri dishes after 6 h treatment were ca. 10 9 and 10 6 PFU/mL in the treatments of bacteriophage cocktail alone and a mixture of bacteriophage cocktail and sodium hypochlorite, respectively.
Initial populations of Salmonella biofilms on the soles of rubber boots were ca. 6.93 log CFU/boot on both control and treatment boots (Table 1) . After 6 h incubation at room temperature, the population of Salmonella biofilms increased by approximately 0.08 log CFU/boot in the control. The population of Salmonella biofilms was reduced by 1.07 log (91.5%), 1.18 log (93.4%), 1.52 (97.0%), and 2.08 (99.2%) log CFU/boot after treatment for 6 h with the bacteriophage treatment alone, 400-ppm sodium hypochlorite alone, a mixture of the bacteriophage cocktail and 400-ppm sodium hypochlorite for 6 h, and the bacteriophage treatment following 30-second brush scrubbing, respectively. The titers of residual bacteriophages were ca. 10 6 PFU/mL for all treatments. These results indicate that the combined treatments of the bacteriophage cocktail mixed with 400-ppm sodium hypochlorite or following brush scrubbing were significantly more effective (P < 0.05) on Salmonella biofilms formed on the surfaces of rubber templates and boots.
As compared to the rubber templates, lower reductions of Salmonella biofilms (1.07 to 1.52 log CFU/boot, Table 1 ) were observed when the bacteriophage treatment alone or combined with sodium hypochlorite was applied onto the surfaces of rubber boots. The possible explanation could be the greater roughness of rubber boot surfaces as compared with the rubber templates. Several studies have reported that an increased roughness of the surfaces could help the biofilm to exhibit more resistance to cleaning treatments and severe environments by diminishing shear forces and accumulating much more nutrients in a matrix form to support the growth of biofilm (Characklis et al., 1990; Chia et al., 2009; O'Leary et al., 2013) . When treated with disinfectants, bacterial cells are more protected by those topographic features, such as grooves and treads on the soles of boots.
Several studies have successfully applied the bacteriophage treatment combined with disinfectant to the surfaces. For example, Sharma et al. (2005) employed a combined treatment of alkaline sanitizer, Enforce R (Ecolab, Inc., St Paul, MN) and bacteriophage to reduce Escherichia coli O157:H7 cells attached to stainless steel coupons resulting in reductions of 5 to 6 log CFU/coupon, whereas the bacteriophage treatment (7.7 log PFU/mL) alone could reduce only 1.2 log CFU/coupon. In agreement with their results, we also observed the highest reduction of 5.34 log CFU/template (P < 0.05) when the rubber templates were treated with a combined treatment of sodium hypochlorite and a bacteriophage cocktail. Besides sodium hypochlorite, Chandra et al. (2015) also combined a bacteriophage treatment with phenol, iodine, and benzalkonium disinfectants to reduce Salmonella biofilms formed on plastic surfaces in a 96-well microplate, and found both 400-and 800-ppm of all these disinfectants combined with a bacteriophage treatment were effective to completely remove pre-formed Salmonella biofilms. The synergistic effect of bacteriophage treatment and chemical disinfectants is probably explained by the fact of a broad antimicrobial spectrum of chemical disinfectants and extracellular polysaccharides (EPS) depolymerase of bacteriophages. When the combined treatment of bacteriophage and disinfectants was applied to the Salmonella attachment or biofilms, bacteriophages with their depolymerases were able to destroy the biofilm matrix composed of EPS and resulted in an increased penetration and disinfecting effect of disinfectants at a low concentration (Zhang and Hu, 2013) .
Brush scrubbing is an easy and efficient approach to physically remove dirt and organic matters from the boots, although scrubbing cannot inactivate bacterial cells on the surfaces. Therefore, brush scrubbing is usually combined with disinfectants for eliminating bacterial biofilms or contamination on the boots. For example, Amass et al. (2001) found scrubbing the boots followed by applying a boot bath disinfection could reduce bacterial contamination by ca. 6 log CFU/boot, which was more efficient than only dipping in the boot bath for 2 min, resulting in a reduction of ca. one log CFU/boot. In agreement with their findings, our results have demonstrated that the combined treatment of a bacteriophage cocktail and 30-second brush scrubbing resulted in the highest reduction of Salmonella biofilm formed on the rubber boots, which could be considered as an efficient disinfection approach for reducing Salmonella contamination on the workers' boots in a rendering-processing environment.
Phage Treatment of Salmonella
Contamination on Workers' Boots in a Rendering-processing Plant
In the first trial conducted from 11/18 to 11/25 in 2015, the ambient temperatures were 23, 20, and 17
• C on treatment d zero, 2, and 5, respectively, and the relative humidity was 57, 42, and 34%, respectively. In the second trial conducted from 12/16 to 12/23 in 2015, the ambient temperatures were 23, 16, and 17
• C on treatment d zero, 2, and 5, respectively, and the relative humidity was 44, 45, and 65%, respectively.
Due to the existence of atypical Salmonella strains in a rendering-processing environment, 3 Salmonellaselective media -M-M, XLT-4, and CHROMagar TM -plates were compared for enumerating Salmonella populations during these 2 trials (Table 2) . On day zero, the average initial Salmonella numbers enumerated on the M-M, XLT-4, and CHROMagar TM plates were 2.87, 1.83, and 2.86 log CFU/boot, respectively. After bacteriophage treatments for 6 h, the average Salmonella reductions enumerated on the M-M, XLT-4, and CHROMagar TM plates were 0.53, 1.05, and 0.57 log CFU/boot, respectively. After bacteriophage treatments for one wk, the average Salmonella reductions enumerated on the M-M, XLT-4, and CHROMagar TM plates were 1.04, 1.29, and 0.79 log CFU/boot, respectively.
The accurate and sensitive detection of Salmonella spp. at low contamination levels has been an important issue for food and feed industries due to the variety of Salmonella serovars and wide distribution of Salmonella in indigenous biofilms (White, 2014) . Besides molecular techniques, such as real-time PCR, the Salmonellaselective medium is the most common and convenient approach for quantitatively detecting Salmonella contamination. The XLT-4 agar medium has been widely used to isolate Salmonella from food and animal feed samples, on which the tergitol-4 is able to inhibit interfering non-Salmonella species, and H 2 S-producing Salmonella spp. is able to form black colonies. However, this medium is very limited for detecting ultra-weak H 2 S-producing Salmonella (Mallinson et al., 2000) . In our study, significantly (P < 0.05) lower counts of Salmonella were observed on XLT-4 plates from all samples as compared to other more sensitive media such as M-M agar and CHROMagar TM , suggesting a significant portion of Salmonella spp. in a rendering-processing environment as ultra-weak H 2 S-producing strains xylose lysine tergitol-4 agar. † Phage control: SM buffer; phage alone: bacteriophage treatment at final titer of 9 log PFU/mL. ‡ Average of duplicate samples ± standard deviation. Plate count data with different lowercase letters in the same row are significantly different (P < 0.05). Plate count data for 3 culturing media at the same sampling points with different uppercase letters in the same column are significantly different for Salmonella enumeration (P < 0.05).
( Table 2 ). Based on the recipe of XLT-4 agar, Mallinson et al. (2000) developed a new agar medium called Millar-Mallinson (M-M) agar with an increased amount of sulfur-containing amino acids and carbohydrates for enumerating ultra-weak H 2 S-producing Salmonella strains (Mallinson et al., 2000) . CHROMagar TM is another commonly used chromogenic medium for detecting Salmonella spp. in food and feed samples. However, the purple colonies formed by non-Salmonella species such as Candida spp. and Pseudomonas spp. from the samples may interfere with the accuracy of the results (Maddocks et al., 2002) , which also was observed in our study. Therefore, based on our results, the M-M agar medium seems the better choice for enumerating Salmonella spp. in rendered animal meals and a rendering-processing environment. The following field study results and discussion of Salmonella reductions were based on the plate count data from the M-M agar medium.
A total of 72 swab samples were collected from workers' boots in two trials. On day zero, the average initial numbers of total aerobic bacteria, E. coli, and presumptive Salmonella were 6.49, 3.23, and 2.87 log CFU/boot, respectively (Table 3A-B) . After bacteriophage treatments for 6 h, the average reductions of total aerobic bacteria, E. coli, and presumptive Salmonella were 0.30, 0.55, and 0.53 log CFU/boot, respectively. After bacteriophage treatments for one wk, the average reductions of total aerobic bacteria, E. coli, and presumptive Salmonella were 0.62, 0.83, and 1.04 log CFU/boot, respectively. The titers of residual bacteriophages left in the aluminum foil trays from different treatments were enumerated ranging ca. 8.0 to 8.4 log PFU/mL on day 7 of each trial, which indicates the stability of bacteriophage virions in the rendering-processing environment and the possibility of long-term storage at room temperature as a regular disinfectant.
Among the different treatments after 6 h and one wk (Table 3A -B), the combined treatment of a bacteriophage cocktail and 30-second scrubbing resulted in slightly higher average Salmonella reductions of 0.61 and 1.17 log CFU/boot, respectively, as compared with 0.54 and 1.15 log CFU/boot, respectively, for the combined treatment of the bacteriophage cocktail and sodium hypochlorite. Furthermore, both combined treatments reduced more Salmonella populations (P < 0.05) than the bacteriophage cocktail alone with average reductions of 0.44 and 0.80 log CFU/boot after bacteriophage treatment for 6 h and one wk, respectively. The results of our field study indicated that additional sodium hypochlorite and brush scrubbing could enhance the effectiveness of the bacteriophage treatment when applied onto the workers' boots in the rendering-processing environment based on the chemical disinfection and physical removal mechanisms, respectively.
As compared to the bacteriophage treatments under a laboratory condition, lower reductions (0.72 to 1.22 log CFU/boot) of Salmonella contamination on workers' boots were observed in the rendering-processing environment (Table 3A-B) . One possible explanations could be the protection from indigenous non-susceptible species since workers' boots were worn every day throughout the entire trials and continuously contaminated in the rendering-processing environment. Habimana et al. (2010) also observed the same protection from resident microflora in a feed-processing environment. They found that resident microflora, including a variety of microorganisms on the surfaces, may provide the protection for Salmonella growth by forming (Habimana et al., 2010) . Therefore, it is not surprising that Kay et al. (2011) observed stable populations of an E. coli and P. aeruginosa mixed biofilm in the presence of their specific bacteriophages (Kay et al., 2011) . Moreover, the workers' boots were daily re-contaminated by the Salmonella from a variety of sources in the renderingprocessing environment, which may have complicated the bacteriophage treatments in this study. Additionally, some indigenous Salmonella strains may be out of the host ranges of selected bacteriophages due to the serovar variation of Salmonella. For example, in a microplate assay of bacteriophage against Salmonella spp., McLaughlin (2007) found that the bacteriophage treatment at a titer of ca. 10 6 PFU/mL was able to inhibit the growth of host Salmonella strains with a high initial concentration of ca. 10 5 CFU/mL at 37 • C within 35 h. However, the same treatment failed to inhibit the biofilms formed by other Salmonella strains under the same conditions. Another possible explanation could be the lower temperatures ranging from 16 to 20
• C observed on the second and third bacteriophage treatments in both field trials 1 and 2, as compared to the room temperature (ca. 23
• C) under a laboratory condition, since a low environmental temperature in the field study can decrease the metabolic rate of indigenous Salmonella and result in slower bacteriophage replication and decreased effectiveness of bacteriophage treatments on reducing Salmonella attachment or biofilms on the surfaces (Gong and Jiang, 2017b) .
Total aerobic bacteria and E. coli counts are commonly employed as indicators for microbiological quality of foods and environmental monitoring (Blank et al., 1996; Johnston et al., 2005; Aycicek et al., 2006; Bevilacqua et al., 2014) . In our study, the reductions of total aerobic bacteria and E. coli populations on the workers' boots also were observed after the bacteriophage treatments for reducing Salmonella contamination, although not as high as compared to the reductions of Salmonella contamination (Table 3A-B) . This could be explained by the broad antimicrobial spectrum of disinfectant sodium hypochlorite, physical removal of brush scrubbing, and destruction of indigenous biofilms treated by the bacteriophage cocktail. Therefore, our bacteriophage treatments could not only reduce the Salmonella contamination on the workers' boots but also total aerobic bacteria and E. coli populations, resulting in an overall improvement in microbiological safety of rendered meals in the rendering-processing environment.
There were a few limitations in our study. For example, there were only 3 wk between the 2 trials in order to minimize the influence of seasonal changes, but this period of time may not be enough for the indigenous microflora, including Salmonella, on the boots to be restored to the initial numbers and conditions before the second trial. Also, the possible residual bacteriophages from the first trial may still survive and be lytic in the second trial, resulting in slightly more reductions of Salmonella contamination observed (Table 3A-B) . Furthermore, the locations that workers have walked through were not recorded, thus the daily contamination levels could not be measured throughout the field trial, which may limit the further data analysis of bacteriophage treatment.
In conclusion, our study applied either bacteriophages or in a combination with sodium chlorite or scrubbing to treat Salmonella biofilms or contamination on workers' boots in both laboratory and renderingprocessing environments. It was demonstrated that the bacteriophage treatments were able to reduce up to 99.999, 99.2, and 93.2% of Salmonella biofilms formed on rubber templates and boots in the laboratory, and workers' boots in a rendering-processing environment, respectively. Moreover, a combined treatment of a bacteriophage cocktail with a chemical disinfectant or 30-second brush scrubbing could significantly enhance the effectiveness of a bacteriophage treatment. Since many factors may affect bacteriophage activities in a field study, further research is needed to optimize these biological and combined treatments of Salmonella in a rendering-processing plant environment.
